Nickel films were deposited by radio frequency magnetron sputtering on top of polycarbonate substrates. Surface energy of the substrate was measured by means of the contact angle technique. Effects of sputtering parameters on the critical load between the film and the substrate were determined by the universal mechanical testing system. Optimized fabrication parameters and their influence on the critical load between sputtered nickel films and polymer substrate were studied by means of the orthogonal experimental design. Increasing radio frequency power and time improved film critical load. The radio frequency power had a more pronounced effect on critical load than the sputter power. The plasma pretreatment with Ar gas modified the surface, leading to an increased surface energy, improving the chemical bonds between nickel and carbon atoms, and thereby enhanced the critical load. The adhesion mechanism is also discussed in this paper.
Introduction
Metalized plastics have been widely used for products, ranging from car light reflectors, compact disks, pressure or bending sensors, intelligent textiles, robotic interfaces, body sensing devices, and microelectronics (Ref [1] [2] [3] [4] [5] [6] . Regardless of the application, researchers focus on investigating diffusion and interface formation between metals and polymers, which are quite dissimilar materials. While metals are densely packed crystalline solids with high cohesive energies (Ref 7), polymers contain large macromolecules formed of 10 2 to 10 5 covalently bonded monomeric units, held together by weak van der Waals interactions (Ref 7) . Much effort has been made to control the microstructure and thermal stability of metal-polymer interfaces, especially with the aim to improve critical load and to prevent degradation . Based on the previous studies, it is obvious that plasma polymer surface modification improves critical load of metal films to polymer substrates (Ref 8) . However, only a few studies focus on the relationship between the surface energy, related to the surface modification, and critical load.
In most studies, polycarbonate (PC) was mainly selected as the substrate, because it has pronounced glass transition temperature, and behaves like a typical amorphous polymer.
It is widely used in a variety of applications, ranging from household articles and construction materials, to electronics and optics (Ref 13) , specifically in optical data storage, audio compact disks and holographic data storage media (Ref 14) . Nickel was selected as a barrier metal layer among other candidates (molybdenum, titanium, copper), since it exhibited outstanding chemical interactions with polymers in previous studies of metal-polymer interfacial reactions (Ref 15) .
In this paper, the critical load between sputtered nickel thin films and polycarbonate substrate was investigated as a function of sputtering parameters, including plasma power and time. The critical load of the sputtered nickel films on polycarbonate substrates was measured using a universal mechanical test system. The radio frequency power had the most effect on critical load, thus the surface energy of polycarbonate substrate after plasma treatment was measured using a static contact angle technique. It was found that the critical load of the nickel thin films on the polymer substrate has something to do with the surface activation. By means of the orthogonal experimental design, the optimized fabrication parameters and their effects on the critical load of nickel barrier films were investigated.
Experimental Procedure
In this study, 2 mm thick polycarbonate sheets were used as substrates. Polycarbonate substrates were degreased with acetone using an ultrasonic cleaner for 3 min and further cleaned for 15 min in an ultrasonic alcohol bath. Finally, the substrates were rinsed with deionized water. PC substrates plasma pretreatment and Ni deposition were conducted with the parameters listed in Table 1 with sputtering Ar gas pressure of 0.3 Pa. The thickness of nickel films was measured with Dektak 150 stylus profilometer and the results are shown in Table 1 . The films structure was characterized using x-ray diffraction (XRD) with Cu Ka radiation. The critical load of the films was studied with a micro-scratch test instrument (UMT) using a Rockwell diamond indenter with a tip radius of 50 lm. During the scratch test, the applied load was linearly increased to 20 N, with the 5 mm/min scratch velocity, 10 mm scan length, and 5 N/min loading rate. Each sample was tested at least seven times, and the scratches were observed by optical microscopy. Distilled water was chosen to measure the surface energy by means of the contact angel test with different power and time plasma treatment samples. Water droplets (3.5 lL, 1-2 mm in diameter) were placed vertically from the 3 mm height with the micro-injector on each sample. Ten measurements were taken, and an average value was reported. All measurements were conducted at room temperature, generally 25°C. x-Ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD ) of the substrate surface was performed in vacuum with a monochromated Al Ka x-ray source. The source power was 150 W. The binding energy scale was calibrated with respect to the C1s peak (284.8 eV). Curve fitting of the spectra was done by a mixture of Gaussian and Lorentzian functions with a Shirley-type background. Figure 1 shows the typical XRD patterns of uncoated PC and Ni-coated PC at different deposition parameters. The XRD pattern in Fig. 1 indicated that uncoated PC contains the main amorphous flat peak at around 12°, which is a characteristic peak position for PC (Ref 16) . The diffraction peaks at 44.5°, 51.6°7
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6.2°, and 92.7°are clearly seen in Fig. 1 , besides the weak diffraction peaks of the uncoated PC. It matched with the major (111), (200), (220), and (311) pure Ni reflections, compared with the standard data of JCPDS (65-0380), which reveals that the deposited Ni films coated on PC surface have a face-centered cubic structure. In Fig. 1 the diffraction peaks at 44.5°and 51.6°c an be clearly seen, but the other reflections are weak. When the sputtering power is raised, the intensity of each XRD peak increases according to these XRD patterns, which implies that the crystallization of Ni films improves with the sputtering power. The micro-scratch test can be used to evaluate the critical load between the film and the soft plastic substrate presented as critical load (Ref 9) . The acoustic emission signal, friction force signal and the coefficient of friction of Ni films on the polycarbonate substrate are shown in Fig. 2 . The data maximum indicates the critical load at which the film breaks, or delaminates from the substrate, allowing assessing its critical load. It is obvious that the acoustic emission, frictional force, and the coefficient of friction changed suddenly when the loading force was about 13.1 N, therefore, this point represents the critical loads of the films.
In this study, the critical load is defined as the load at which failure occurs throughout the film. Figure 3 shows the scratch track of Ni thin film on polycarbonate. The arrow indicates the scratch direction of the indenter tip movement. The first crack on the PC substrate was observed, indicating the cohesive failure between the film and the substrate. There are many cracks near the failure spot, arising from the film interface.
There are three series of samples chosen from Table 1 to show the effects of sputtering parameters on the critical load between the films and the substrate. The J5, J3, and J6 samples were used to investigate the plasma pretreatment power effect on the critical load, as shown in Fig. 4(a) , while the J3, J7, and J8 samples were used to investigate the plasma pretreatment time effect on the critical load, as shown in Fig. 4(b) . The plasma pretreatment power of the J5, J3, and J6 samples is 40, 70, and 100 W, and the corresponding critical load of failure is 5.5, 10.7, and 11.1 N, respectively. The plasma pretreatment time of the J3, J7, and J8 samples is 15, 30, and 60 min, and the critical load of failure is 10.7, 10.9, and 13.1 N, respectively, as shown in Fig. 4(b) . From Fig. 4(a) and (b) it is clear the increasing plasma pretreatment power and time improves film critical load. It is obvious that the substrate modification, resulting from the high dose of radio frequency Ar plasma, yields higher critical load between the Ni films and the PC substrate. In addition, the critical load is correlated with the sputter power (J1, 2, 3, 4) in Fig. 4(c) . The critical load increased with higher deposition power, although the critical load increased only slightly at 300 W, compared with 200 W. Ions have more energy at higher sputtering power, so it is possible that Ni had chemical interactions with PC, which increased the critical load.
In principle, the contact angle of a water droplet on a solid surface in air, as shown in Fig. 5 , is determined by the mechanical equilibrium under the action of three interfacial tensions. The relationship between the solid surface energy, c SV , liquid surface energy, c LV , solid-liquid interface interaction energy, c SL , and the equilibrium contact angle, h c , in solid/ liquid/gas three-phase system is known as the YoungÕs equation:
The YoungÕs equation is based on the following rigorous assumptions: a solid must be smooth, homogeneous and rigid, the solid must not be perturbed by chemical interaction or by adsorption due to a liquid phase, and there should be a single, unique contact angle. It is, however, well known that chemical heterogeneity and surface roughness of practical solid surfaces results in contact angle hysteresis. The advancing contact angle on a smooth, but heterogeneous solid surface, has been regarded as a reasonable estimate of the equilibrium contact angle that would be observed on an ideal surface composed of the low energy surface component (Ref 17) . Owens and Wendt (Ref 18) showed good correlation between surface energies measured by this method and those determined by measuring the contact angles of series of homologous liquids, and those calculated by the Zisman method ( Ref 19) . Based on these results, surface energy and contact angle have the opposite correlation. The plasma pretreatment power of the J5, J3, and J6 samples is 40, 70, and 100 W, and the contact angle is 77.7°, 66.3°, 55.0°, respectively, in Fig. 6(a) . The plasma pretreatment time of the J3, J7, and J8 samples is 15, 30, and 60 min, and the contact angle is 66.3°, 59.3°, and 41.8°, respectively, in Fig. 6(b) . As the pretreatment power and time increased, the contact angle decreased, and the surface energy increased in Fig. 6(a) and (b) . The reduction of the contact angle indicates higher wettability of the surface which could lead to better adhesion at the interface. The critical loads with plasma treatment of substrates presented as contact angles were shown in Fig. 6(c) . With the contact angle increasing, the critical load of films and substrates decreases. Table 1 ); (b) time (samples J3, J7, and J8 in Table 1 ), and (c) sputtering power (samples J1, J2, J3, and J4 in Table 1 ) . There is more space to contain nickel atoms between the macromolecules, inducing covalent bonds between units. Figure 7 , created by the ChemBioDraw software, models the polycarbonate chains just under the substrate, perpendicular to the surface. Nickel, which substituted hydrogen in the methyl group for the phenyl structure, is stable. There are face-centered cubic nickel clusters inside the free space between macromolecular chains. The end-group of the macromolecule is exposed to air. There is evidence, by various investigations of polycarbonates, that metals of low reactivity diffuse into polymers during deposition at elevated temperatures, and even form metal clusters inside polycarbonate under such conditions. This mechanism of chemical bonding between metals and polymers was proved by x-ray photoelectron spectroscopy and theoretical analysis (Ref 21, 22 ).
x-Ray photoelectron spectroscopy was used to prove the mechanism in this experiment. A nickel films with a thickness of 1.2 lm was deposited on the polymer substrate with the same deposition conditions as for sample J7. After nickel deposition, the film was etched in 15 wt.% HCl solution at room temperature, and the etching was timed to stop at the disappearance of the bubbles. The sample was heat-treated at 100°C for 2 h in air to evaporate water for XPS experiments. Figure 8 (a) shows C1s XPS spectra measured form the PC substrate with and without the nickel film to study the adhesion mechanism. Figure 8(b) shows the C1s spectrum from a bare 1 mm thick PC substrate in vacuum. The main peak was calibrated to 284.8 eV. The second peak at 288.2 eV corresponds to the ester group in PC, while the main peak can be resolved into three separate peaks: phenyl, methyl and phenol groups (Ref 23). Comparing Fig. 8(a) and (b) , there is a significant difference in the spectra. XPS spectrum contains the C-Ni bond, recorded at 286.5 eV, which proves the existence of chemical bonding between nickel atoms and polycarbonate at the interface (Ref 16) . Based on the above discussion, it was recognized that the substrate surface energy reflects the critical load between nickel films and polycarbonate, as the surface energy can be enhanced as a result of the plasma treatment.
In Table 1 , one can see that it is beneficial to the critical load of the films to increase the radio frequency power of pretreatment and the sputtering time, which is the same as increasing the sputtering power. Increasing the power can provide the adequate energy to activate the carbon atoms, which act as points to bond metal and polymer. Increasing the pretreatment time can keep the surface active, which is related to the surface energy. Nickel atoms energy is high enough to form chemical bonds, but carbon atoms energy is not high enough, so it was not very effective to change the critical load. From the above discussion, the optimized fabrication parameters, including plasma treatment power, pretreatment and sputtering time, were established. The critical load reached the maximum of 13.1 N in the range of experimental parameters.
Conclusions
In this study, the effects of the deposition parameters, including sputtering power, the radio frequency power of Ar, Table 1 ) and (b) plasma treatment time (samples J3, J7, and J8 in Table 1 ) on the contact angle of the polycarbonate substrate, (c) critical load of nickel films on polycarbonate as a function of contact angle and sputtering time, on the critical load between Ni films and the polycarbonate substrates were investigated by the microscratch test. Films grown at higher sputtering power and longer time shows high critical load. In order to strengthen the critical load of sputtered nickel films, the plasma pretreatment with Ar gas effectively activated the top of the polycarbonate substrates to enhance the surface energy, associated with the contact angle increase. Thus, the surface energy has a direct correlation with critical load. The critical load of Ni films reached the maximum when the pretreatment power was 100 W, with 60 min plasma treatment time, and the 400 W sputtering powers. The plasma treatment power is the most important factor influencing the critical load between the film and the substrate, because plasma can activate the surface of the PC substrate to induce the chemical bonds between nickel and carbon atoms, improving the critical load.
